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From RHIC Physics to Cosmology: 
are we witnessing the charge separation effect from the center of our galaxy?  



 Plan of this talk
This talk deals with two (naively unrelated) subjects:       
1. P- violation in QGP at RHIC (Little Bang)                                                  
2. Cosmology at the QCD phase transition (Big Bang)

The crucial element which links these two  subjects is        
Charge Separation Effect.

First, I explain the nature of the Charge Separation Effect 
which is based on one of the most fundamental property of 
QCD: the presence of quantum anomaly.

Secondly, I argue that we are  witnessing the traces of the 
Charge Separation Effect which took place during the QCD 
phase transition in early universe. I will review a number 
of cosmological/astrophysical puzzles which can be 
naturally explained if Charge Separation Effect indeed 
took place 17 billion years ago when T~ 100 MeV.



1.         Quantum Anomaly  and    
                Charge Separation Effect.

Anomalous effective lagrangian for           is

In the external magnetic field the electric field will be 
induced.  the  minimization of L gives: 

In particular, the magnetic monopole becomes an 
electrically charged dyon, witten 1979,      
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For the uniform magnetic field the  electric field will 
be induced along B

the induced electric field will lead to the induced 
currents and to the separation of charges along B

A similar phenomenon happens when the system is 
rotating (it effectively replaces the magnetic field B). 
Therefore:  an upper hemisphere can thus have either 
excess of quarks over anti-quarks or vice-versa, 
Kharzeev, AZ [2008]  
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 2. Observational Cosmological Puzzles

Several independent observations of the galactic core 
suggest unexplained sources of energy:

The most known case is the 511 keV line (INTEGRAL) which 
has proven very  difficult to explain with conventional 
astrophysical positron  sources.

A similar, but less  known mystery is the excess of gamma-
ray photons detected by COMPTEL across a broad energy 
range 1-20 MeV. Such photons have been found to be  very 
difficult to produce via known astrophysical sources   



Detection by the CHANDRA satellite of diffuse X-ray 
emission from across the galactic bulge provides a 
puzzling picture:   after subtracting known X-ray 
sources  one finds a residual diffuse thermal X-ray 
emission    consistent with very hot plasma (T= 10 keV).

Source  of energy fueling this plasma is a mystery.

The WMAP experiment has revealed an excess of 
microwave emission,  23 < w < 61  GHz   from the center 
of our Galaxy. This  excess, which is uncorrelated to 
the known foregrounds, is known as the ``WMAP haze".

Origin of this excess remains a  mystery as all 
conventional sources for this diffuse emission have 
been ruled out. 



Typically, all these problems (such as DM,  Baryogenesis, 
excess of the diffuse emissions in X ray band, microwave 
bands, etc)  are discussed  separately because of the very 
different  technique /methods needed  to study them                        
(e.g.--  it is scheduled  for different Sessions on COSMO, DM, etc 
meetings) 

“Naive”  Moral: Dark matter requires  
New (unknown) Fields

New Fields must be Nonbaryonic: 
Arguments come from structure formation requirements,  
BBN, decoupling DM from radiation, etc



Instead of  ``New Fields" ----> New 
phases of  ``Old (known)  Fields"

We propose that on the global level the Universe is 
symmetric. The separation of baryon charges   is 
originated at the QCD scale.

The visible content consists of ``normal"  baryons 
which are in the hadronic phase, while the  dark 
content is in the form of matter  and antimatter   
nuggets in  color super -conducting phase (few times 
nuclear density)

3. This Proposal



Strong CP violation of order unity is provided by          at 
the time of the QCD phase transition. Presently,            as a 
result of the standard axion resolution of strong CP 
problem.             

Excess     of antimatter is locked away  in antimatter 
nuggets requiring   no fundamental baryon asymmetry to 
explain the observed matter/antimatter asymmetry.

The nuggets  have a large binding energy (~100 MeV) such 
that large baryon charge  in the nuggets is not available  
to participate in  BBN at T~MeV. 

θ ∼ 1
θ = 0



The stability of the nuggets can be easily worked out 
(similar to Witten’s strangelets) with few extra 
elements such as the axion domain wall with internal 
structure: not subject of the present talk.  

The production rate is hard to compute as it includes a 
number of effects:

defect growth, interaction with unfriendly media, 
evaporation, etc: work in progress (with Sasha Dolgov). 

Subject of the present talk is analysis of the 
observations (which apparently support the picture that 
the charge separation did happen during the QCD phase 
transition in early universe)



 If  DM is originated from the QCD scale the 
relation                   may come naturally as both 
contributions are originated from the same physics.

The DM nuggets made of quarks/antiquarks do 
interact with visible matter. However, the 
interaction is  strongly suppressed   because 
matter/ antimatter nuggets occupy  only a small 
volume of space

A   small geometrical factor                       replaces 
the standard requirement for the coupling constant 
to be weak. It is well below typical cosmological 
limits 

  Immediate  (generic) consequences:  

ΩDM ∼ ΩB

σ/M ! 10−10cm2/g

σ/M ≤ 1cm2/g



Standard tight constraint on antimatter presence in our 
universe does not apply here as it does not radiate/
annihilate as conventional hadronic matter.

Rare events of annihilation of the visible matter with 
antimatter nuggets provide an excess of radiation which   
apparently have  been observed in different  frequency 
bands: 511 keV,1-20 MeV, X -rays, microwaves (WMAP haze),....

on large scales, the nuggets behave as standard 
collisionless cold dark matter. However: some 
modifications are expected in dense regions (galaxies), 
where DM does interact strongly with visible matter. 

The idea of the charge separation during the QCD phase 
transition at           (the key element of the proposal) can be 
tested at RHIC. Preliminary experimental results ( STAR 
collaboration)  support charge separation effect. 

θ != 0



               4. SPI / INTEGRAL 
the 511 keV line from Galactic Center 



SPI/INTEGRAL observes 511~keV photons from 
positronium decay from the galactic center which  
is difficult to explain with conventional 
astrophysical positron  sources.

We propose that the  511keV  line with                        
can be naturally explained by the nuggets  of 
dark antimatter.

All ingredients are present in this scenario: the 
DM droplets carry positrons in the bulk; the 
relevant  cross section for  the electron falling 
to the DM droplet is   the geometrical size  of the 
object; a quarter of the positronium  release 
back-to-back 511 photons.  

          the 511 keV line from GC.

Γ ∼ 3 keV
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• The  probability per unit time   that collision happens  in the 
presence of a single nugget is given by                         

• The probability of such events per unit volume per unit time  is  

• The  total flux of photons resulting from annihilation is obtained 
by integrating  over the line of sight and over the whole solid angle 
of observation,

• The prediction  is sensitive to the product of dark and visible 
matter distribution along the line of sight,                         .

• The observed width                       is determined by  known 
atomic physics  (resonance positronium formation at              .
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The flux of gamma rays in the 1-20~ MeV range measured by 
COMPTEL represents yet another mystery. 

The  models (of cosmic rays) for diffuse galactic gamma rays  
fit the observed spectrum well for a very  broad range of 
energies, 20 MeV- 100 GeV. The models typically  also give a 
good representation of the latitude and  the longitudinal 
distributions. However, the models   fail to explain the 
excess in the 1-20 MeV range observed by COMPTEL.

Some additional gamma ray sources are required  to explain 
this  excess in the 1-20 MeV range (Strong et al, 2004).  
These data  suggest the existence of an energy source 
beyond currently established astrophysical phenomenon. 

The observed spectrum is extremely difficult to explain by 
known astrophysical mechanisms. 

  5.   Excess of diffuse gamma-rays  in 
        1-20 MeV band.       Observations.
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Non-resonance direct annihilation   would produce a broad 
spectrum at 1~20 MeV which we identify with the excess  
observed by COMPTEL.This continuum  emission  must always 
accompany the  511 keV line and the two must be spatially 
correlated (prediction).

The typical energy scale is not introduced as a free 
parameter but  fixed by the  value of the   lepton chemical 
potential  ~20 MeV (was calculated long ago for the quark 
matter). It  is  precisely where an excess   of diffuse gamma 
rays is observed by COMPTEL.

No new parameters are required to explain  the excess  in the 
1-20~ MeV range -- the normalization and spectrum  are fixed 
by 511 keV flux and known QED physics. 

  6.   Excess of diffuse gamma-rays  in 
        1-20 MeV band.     Proposal.



 If  spatial correlations between  511 keV line and  
excess of the diffuse gamma -ray emission  in 1-20 MeV 
range  is confirmed, this  would unambiguously imply 
that the positrons are hidden in some form of 
antimatter nuggets  as both emissions are originated 
from                    annihilation but   there is very tight  
constraints on free energetic   few  MeV positrons.

The relative ratio of 1-20~ MeV photons and 511 keV 
line is very sensitive to the profile function of 
electro-sphere. It was computed using a Thomas-Fermi 
approximation. There are NO free parameters in 
computations.  

Excess of diffuse gamma-rays  in 
   1-20 MeV band.  Continuation.

e+e− → 2γ





  7.   X-rays from the Core of our
     Galaxy. Observations by CHANDRA



A recent analysis of the CHANDRA image of the 
galactic center finds that   the intensity of the 
diffuse  X ray emission  (after subtracting known X-
ray sources)well described by a hot 8~ keV plasma 
with surface brightness [Muno et al 2004]:                        

The energy required to sustain such  plasma   
corresponds to the entire kinetic energy of one 
supernova every 3000 yr, which is unreasonably high.  
Also: it would be too hot to be bound to the Galactic 
center.

Source  of energy fuelingthis plasma is a mystery.

ΦT = (1.8− 3.1)× 10−6 erg
cm2 s sr



Could the    Missing Energy  be due to 
annihilation with   ``Dark Antimatter"?

Proposal.                                                             
antimatter nuggets provide a single annihilation 
target for both: electrons and protons/neutrons.     
As a result, both the 511~keV emission from electron 
annihilation and the thermal X-ray emission from 
proton annihilation should originate from the same 
regions of space with the same normalization factor
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Proton annihilation rate is directly related  to 
that of electrons. It gives a  testable prediction   
between 511 KeV line and diffuse  hot 8 KeV X ray 
emission.  

Our proposal  naturally accommodate  the 
observed flux with normalization to 511 KeV line.  

Proton annihilation events will release about  2 
GeV of energy per event.  This occurs inside the 
nuggets, and  the energy will be quickly 
transfered to leptons (positrons).

The nuggets will  radiate the energy in form of   X-
rays and thermal (eV) radiation. These two very 
different emissions must be correlated.

       8.  X-rays . Proposal. Details.



9.       WMAP haze.  Observations. 



WMAP has detected an excess of GHz microwave radiation 
-- dubbed the ``WMAP- haze'' -- from the inner (20 degrees)  
core of our galaxy from the following bands: 22 GHz, 
33GHz, 41 GHz, 61 GHz, 93 GHz [Finkbeiner:2003].

This excess (diffuse microwave emission)  is uncorrelated 
to the known foregrounds. 

Source of this emission is a mystery: the spectrum is 
consistent with free-free emission from hot gas             
but H   recombination line is absent where the haze is the 
most robust. Also: the haze is uncorrelated with  the H  
map.

Could the  WMAP haze be related to  annihilation of 
visible matter with     `` Dark Antimatter" nuggets? 
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 Proton annihilation events will release about   2GeV of 
energy per event and will occur close to the surface of the 
nugget creating a hot spot that will mainly radiate X-ray 
photons with keV energies rather than GeV gamma-rays. 

Considerable portion of this energy will be thermalized 
inside the bulk of the nuggets  and will be emitted as 
bremsstrahlung radiation from the entire surface of the 
nugget with long tail at small                    eV which provides 
a natural explanation for ``WMAP haze" intensity.  

 

 the spectrum is indeed free free emission (without H  
recombination line) as originally fitted 

there are no free parameters in this calculation (intensities 
and spectrum) as  all of the scales are set by well-
established  physics: QED and Thomas-Fermi approximation.   

10.“WMAP haze”- possible resolution
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             Conclusion (Propaganda)
                

" Non- baryonic Dark matter" could be ordinary  
baryonic matter which is  not in the  ``normal 
hadronic phase", but rather, hidden in the exotic 
color superconducting phase.

 In this phase  the baryon charge is not available 
for BB Nucleosynthesis

 A small geometrical factor                       replaces a 
weak coupling const.

I argue that we are witnessing the rare events of 
annihilations resulted from charge separation 
effect which took place 17 billion years ago.

ε ∼ S/V ∼ B−1/3 << 1



All  relative intensities  of excesses  in  gamma  diffuse 
emissions with frequencies  ranging over 13 orders of 
magnitude are   fixed by known,  well-established physics.

The main question to the nuclear physics community: can   
the  charge separation effect  be tested at RHIC? 

Charge separation effect does imply the strong P and CP 
violation. These conditions at RHIC may mimic the early 
universe during the QCD phase transition at nonzero 

The main question to the astro community: is it possible to 
study/analyze  the correlations between different 
(naively unrelated) emissions ranging over 13 orders of 
magnitude?  

θ


